MicroRNAs (miRs) are small regulatory molecules, which orchestrate neuronal development and plasticity through modulation of complex gene networks. MicroRNA-137 (miR-137) is a brain-enriched RNA with a critical role in regulating brain development and in mediating synaptic plasticity. Importantly, mutations in this miR are associated with the pathoetiology of schizophrenia (SZ), and there is a widespread assumption that disruptions in miR-137 expression lead to aberrant expression of gene regulatory networks associated with SZ. To systematically identify the mRNA targets for this miR, we performed miR-137 gain-and loss-of-function experiments in primary rat hippocampal neurons and profiled differentially expressed mRNAs through next-generation sequencing. We identified 500 genes that were bidirectionally activated or repressed in their expression by the modulation of miR-137 levels. Gene ontology analysis using two independent software resources suggested functions for these miR-137-regulated genes in neurodevelopmental processes, neuronal maturation processes and cell maintenance, all of which known to be critical for proper brain circuitry formation. Since many of the putative miR-137 targets identified here also have been previously shown to be associated with SZ, we propose that this miR acts as a critical gene network hub contributing to the pathophysiology of this neurodevelopmental disorder.
Introduction
Numerous recent studies have suggested that critical events during synaptic development and function are dependent on the activity of a large number of proteins, and that disturbance of individual components within a protein network or alterations of their activities causes synaptic dysfunction, phenotypically culminating in schizophrenia (SZ) and other neurological disorders (Nadif Kasri et al., 2009 Aschrafi et al., 2005) . Thus far, regulation at the level of transcription and translation has been assumed to be important for proper synaptic function. Recent exploration of genes that impair synaptic function and increase the risk for developing SZ has led to the investigation of small non-coding (nc) microRNAs (miRs) (Kos et al., 2015) . This is based on numerous observations, for example, a subset of brainenriched miR genes located within an imprinted cluster on chromosome 14q32 is differentially expressed in a large cohort of SZ patients; (Gardiner et al., 2012 ) SZ pathophysiology is partially based on the pattern of miR dysregulation emerging due to 22q11.2 deletions, which is shaped by the combined effect of miR-185 and Dgcr8 hemizygosity (Xu et al., 2013) . Recently, common genetic variants and rare genomic deletions associated with miR-137 have been associated with severe cognitive impairments in the context of SZ and intellectual disability (ID) (Guella et al., 2014; Kim et al., 2012; Kwon et al., 2013; Ripke et al., 2013) . GWAS studies have strongly implicated the single nucleotide polymorphism (SNP) rs1625579 located in an intron of MIR137 in the aetiology of SZ (Ripke et al., 2013; Schizophrenia Psychiatric Genome-Wide Association Study C, 2011) . Homozygosity for this SNP was significantly associated with lower miR-137 expression in postmortem prefrontal cortex tissue (Guella et al., 2014) . Interestingly, risk alleles on the MIR137 SNPs predicted SZ phenotypic variabilities, such as age-at-onset of psychosis and brain structure, and negative symptoms of cognitive subtypes of SZ (Green et al., 2013; Kuswanto et al., 2015; Siegert et al., 2015; Willemsen et al., 2011) . In addition, SZ-associated SNPs have been found in predicted targets of miR-137, such as CSMD1, C10orf26, CACNA1C and TCF4 (Kwon et al., 2013) . In induced neurons derived from fibroblast of SZ patients, miR-137 expression is found increased and its target genes, including CPLX1, NSF, SYN3 and SYT1, were expressed at lower levels compared to cells derived from healthy controls. As a functional consequence, synaptic vesicle release was disturbed in these cells, a phenotype which was confirmed using in vivo studies in mice with manipulated miR-137 expression levels in the hippocampus . Moreover, we recently identified ID patients with chromosome 1p21.3 microdeletions comprising MIR137, resulting in haploinsufficiency of miR-137 .
miR-137 is a synaptically enriched miR , that acts as a negative regulator of dendrite morphogenesis and spine development in newborn neurons (Olde Loohuis et al., 2015) . In mature neurons, miR-137 has been shown to play a role in presynaptic vesicle release at the DG-CA3 synapse, by targeting complexin-1 (Cplx1), Nethylmaleimide-sensitive fusion protein (Nsf) and synaptotagmin-1 (Syt1) . In addition, a critical role was revealed for miR-137 in controlling synaptic strength at the CA3-CA1 synapse and genetic defects in MIR137 were linked to glutamatergic dysfunction, which may ultimately contribute to the pathogenesis of SZ-associated cognitive impairments (Olde Loohuis et al., 2012) .
Since miRs can target up to hundreds of different mRNAs, there is a need to delineate the full spectrum of genes regulated by miR-137 in order to understand how these multiple targets interact together, and to what extent each of them contributes to assigned miR-137's function in neuronal development or dysfunction (van de Vondervoort et al., 2013; Wright et al., 2013) . Previously, Wright et al. used a combination of literature searches and various bioinformatics resources to analyse the possible role for miR-137 in SZ (Huang da et al., 2009) . This in silico analysis revealed an overrepresentation of miR-137 targets in different facets of nervous system development and function, including synaptic long-term potentiation, ephrin receptor signalling and axonal guidance.
In the present study we tested the hypothesis that pathways regulated by miR-137 are important in the aetiology of SZ. For the evaluation of this hypothesis we set out experiments to identify the biological targets of miR-137, which are largely unknown. Towards this end, we have combined computational approaches with whole-genome mRNA expression profiling in cultured hippocampal neurons in which miR-137 was either up-or downregulated. Collectively, our studies point towards miR-137 as a critical modulator of pathways involved in neuronal development and cognitive function, by acting as a post-transcriptional regulator of genes involved in neuro-developmental and neuronal maturation processes as well as cell maintenance, at least in part, through transmembrane receptor signalling and regulation of the actin cytoskeleton.
Materials and methods

Animals
Wistar rats (Harlan Laboratories, USA) were housed in groups of 2 or 3 animals on a 12-h light cycle in a temperature-controlled (21 ± 1°C) environment with ad libitum access to food and water. Rats were used at embryonic day E18 for the preparation of primary neuronal cultures. All experiments involving animals were evaluated and approved by the Committee for Animal Experiments of the Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands.
Primary neuronal cultures
All media and reagents were purchased from Life Technologies. Dissociated hippocampal cultures were prepared from rats at embryonic day E18. Pregnant rats were anaesthetized with isoflurane and sacrificed by cervical dislocation. Embryonic brains were dissected in ice-cold Hank's buffer (HBSS without Ca  2+ and Mg   2+ , 100 U/ml penicillin, 100 μg/ml streptomycin, 1 × Glutamax). From 5-6 rat pups, the hippocampi were separated from the cortices and, pooled together and incubated with 0.025% trypsin for 15 min at 37°C. Neurons were mechanically dissociated in NeuroBasal medium containing 10% FCS and 1 × GlutaMax (Invitrogen) using fire-polished Pasteur pipettes. The cell suspension was filtered through a 70 μm cell strainer (BD Falcon) and plated on poly-D-lysine (Invitrogen, 70,000-150,000) precoated glass coverslips in 24-well plates at a density of 25,000 neurons per well. Medium was replaced after 6 h with Neurobasal medium containing B27 supplement, and 1× GlutaMax. Neurons were maintained in a 5% CO 2 humidified 37°C incubator. One-third of the medium was refreshed every three to four days.
miR constructs and validation
For a detailed description of the sponge-miR-137 and oe-miR-137 construct design and validation we refer to Olde Loohuis et al. (2012) .
Virus production
Viral particles were prepared by co-transfection of HEK-293T cells with a FUGW plasmid, the HIV-1 packaging vector Δ8.9, and the VSVG envelope glycoprotein vector using the calcium phosphate coprecipitation method. HEK293T cells were placed overnight in a 3% CO 2 humidified 37°C incubator. The following day, medium was replaced by fresh ultraculture (Lonza) containing 4 mM valproate (Sigma) and the CO 2 percentage was set to 10%. Supernatants were collected 24 h and 48 h later. Viral particles were purified over a 20% sucrose cushion by ultracentrifugation for 3 h at 21,000 rpm. Viral particles were resuspended in PBS without Ca 2+ and Mg 2+ (Life Technologies), and stored at −80°C until use.
RNA sequencing
Primary hippocampal neurons were infected with either control, sponge-miR-137 or overexpressing miR-137 (oe-miR-137) lentiviruses at 8 DIV. Neurons were derived from the same nest of rat pups for all conditions. At 21 DIV total RNA was extracted from three independent cultures per condition using the miRNeasy Mini Kit following the manufacturer's instructions (Qiagen). RNA quality was assessed using TapeStation analysis, which revealed RNA quality above RIN 9.0 for all samples. For each condition, equal fractions of RNA from these three cultures were pooled into 1 sample, up to a total of 500 ng RNA per condition. The individual samples were kept for qPCR validation. The pooled samples for RNA sequencing purposes were further processed by the HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA). The RNA sequencing was performed in three separate flow cells generating a total of 45 to 50 million 50 bp reads per sample. RNA sequencing data analysis was carried out with the GeneSifter gene expression analysis suite (Geospiza, Seattle, WA, USA). Expression data was normalized against the total number of mapped reads. The reads were assembled into genes. Differential gene expression between pooled samples of neurons infected with the control virus and sponge-miR-137 or miR-137 was determined using the likelihood ratio test and the Benjamini and Hochberg correction for multiple testing was applied. Thresholds were set at a Reads Per Kilobase of Transcript Per Million Reads Mapped (RPKM) of 1.0 and a fold change of 1.2. Genes were assigned differentially expressed at an adjusted P-value P b 0.05.
Gene ontology (GO) analysis
Bidirectionally affected genes in sponge-miR-137 and miR-137 infected neurons compared to control neurons were overlaid onto ontological pathways using both DAVID software (Vandesompele et al., 2002) and Ingenuity Pathway Analysis® to provide insights into biological pathways affected by miR-137 manipulation. We performed a twostep analysis consisting of (1) DAVID KEGG pathway analysis and IPA canonical pathway analysis to identify pathways in which miR-137 regulated genes are involved, and (2) DAVID GO-term based clustering and IPA Function and Disease analysis to identify cellular processes that are affected by miR-137. Outcomes from both analyses were overlaid to come to a consensus.
Quantitative real-time PCR (RT-qPCR) analysis
Total RNA was extracted from primary neurons using the miRNeasy Mini Kit following the manufacturer's instructions (Qiagen). Total RNA was reversed-transcribed using the revertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas Inc., USA) according to the manufacturer's protocol qPCR was performed using Bioline SYBR Green (Bioline). mRNA expression was normalized to rat U6 and β-actin using the GeNorm method (Aschrafi et al., 2008) . Each sample was run at least three independent times. Primer sequences are presented in the supplementary information.
Statistical analysis
Statistical analyses were performed using Prism software (Graphpad). Statistical tests were used with alpha set at the 95% confidence interval, i.e. P ≤ 0.05. Two group comparisons were evaluated using a one-way ANOVA followed by Tukey's post hoc analysis. Data are plotted as mean ± SEM. Quantification was performed in a blinded fashion.
Results
Transcriptome analysis of miR-137-manipulated primary hippocampal neurons
In order to investigate gene expression networks controlled by miR-137, we selectively reduced or increased miR-137 levels in primary rat hippocampal neurons. To generate a miR-137 loss-of-function condition, a previously validated lentiviral-based eGPF-vector was modified to express miR-137 sequestering sites (sponge-miR-137), whereas the gain-of-function construct (oe-miR-137) contains the mouse precursor miR-137 sequence (Suppl. Fig. 1A ). Infection of primary hippocampal neurons with sponge-miR-137 and oe-miR-137 lentiviruses led to a nearly 100% infection efficiency (Suppl. Fig. 1B ).
Consistent with previous findings for other small RNAs (Edbauer et al., 2010) , RNA sequencing revealed that modulating miR-137 levels in neurons resulted in alterations in the expression of hundreds of mRNAs, as compared to mock-infected neurons. The distributions of gene expression in loss-and gain-of-function studies in hippocampal neurons are shown in Fig. 1 A and B. Suppression of miR-137 resulted in an asymmetrical distribution of genes towards an upregulation of mRNA expression levels (Fig. 1A) . Overexpression of miR-137 had the opposite effect, thus downregulating the expression of most genes (Fig. 1B) . For the differential expression analysis, the adjusted P-value threshold was set at 0.05. While suppression of miR-137 resulted in the significant alteration of 3066 transcripts in total (1846 genes upregulated, 1220 genes downregulated), miR-137 overexpression changed the levels of 2797 transcripts (1084 genes upregulated, 1713 genes downregulated).
With an expression-level threshold of RPKM ≥ 1.0 in at least one condition, miR-137 overexpression resulted in the decreased expression of 1263 genes and elevated the expression levels of 305 genes (adjusted Pvalue ≤ 0.05 and fold change ≥1.2 in at least one condition). Conversely, sponge-mediated miR-137 suppression enhanced the levels of 1212 transcripts, while decreasing the levels of 400 mRNAs. Consistent with previous findings that miR overexpression results in enhanced turnover of putative target mRNAs, whereas miR suppression elevates the levels of downstream target mRNAs (John et al., 2004) , our data revealed that among the 1.2-fold changed genes (for either the up-or downregulated set of genes), the levels of 500 genes were both upregulated in sponge-miR-137 neurons and downregulated in miR-137 overexpressing neurons (Suppl . Table 1A ). In the sponge-miR-137 condition 712 genes are uniquely upregulated, while 763 genes are downregulated in the oe-miR-137 neurons (Fig. 1C) . In addition, 373 unique genes showed decreased expression levels in sponged neurons and 278 genes were upregulated in the overexpression condition, while 27 genes showed increased expression levels in the overexpression condition and decreased expression in the sponge-miR-137 condition (Fig.  1C) . To define the miR-137-regulated transcripts, we compared the bidirectionally regulated transcripts to the sets of putative miR-137 targets computationally predicted by the miRanda (Wang, 2008) , miRDB (Wang and El Naqa, 2008; Dweep et al., 2011) , miRWalk (Lewis et al., 2005) and TargetScan (Helwak et al., 2013) . A total of 40 (or 8%) out of the 500 bidirectionally expressed transcripts contained at least one predicted binding site, while only two of the 27 inversely regulated transcripts (7.4%) contained a miR-137 seed-matching sequence in their respective 3'UTRs ( Fig. 1C ; Suppl. Table 1B ). This low percentage of transcripts with a miR-137 binding site suggested that miR-137 may bind to these bidirectionally regulated miRs in a non-canonical manner, as was recently demonstrated for other miRs; (Lang et al., 2014) it is also likely that a significant proportion of the altered transcripts was modulated by miR-137 via a secondary downstream effect.
Validation of RNA sequencing results by RT-qPCR
We used RT-qPCR analysis to validate the outcome of the RNA sequencing, and chose eight genes that had a wide range of expression (from RPKMs between 0.24 and 49.3, and fold changes between 1.19 and −4.83). These genes were upregulated in the sponge-miR-137 condition and concomitantly downregulated due to miR-137 overexpression. The selected genes (Arpc1b, Ppp1r14b, Cspg4, Tjp2, Cdc42ep1, F2r, Fgfr3 and Pdgfra) encode receptors, intracellular signalling molecules and actin-binding proteins. As in the RNA sequencing, we maintained a fold change of 1.2 as the threshold for differential gene expression.
For the sponge-miR-137 condition, miR-137-mediated upregulation of five out of eight genes was confirmed using RT-qPCR (Arpc1b P b 0.01; Cspg4 P b 0.05; F2r P b 0.01; Fgfr3 P b 0.01; Ppp1r14b P b 0.05), whereas two genes showed a tendency towards increased expression (Tjp2; Pdgfra), and the expression of one gene was not increased (Cdc42ep1) ( Fig. 1D ; Suppl. Table 1C ). For the oe-miR-137 condition, the levels of five out of the same eight genes could be validated by RT-qPCR (Arpc1b P b 0.01; F2r P b 0.05; Fgfr3 P b 0.01; Ppp1r14b P b 0.01; Cdc42ep1 P b 0.01), whereas the expression of the other three genes (Cspg4; Tjp2; Pdgfra) exhibited a tendency towards downregulation ( Fig. 1D ; Suppl. Table 1C ). Overall, the RNA sequencing data and the outcome of the qPCR analysis pointed towards similar alteration levels with regard to differential miR-137 induced gene expression.
Identification of miR-137 targets genes
In order to identify the main signalling pathways and cellular processes in which the 500 miR-137 affected genes are involved, we used two different gene ontology (GO) analyses, DAVID and Ingenuity Pathway Analysis (IPA). As a first step, canonical pathway analysis by IPA and KEGG pathway analysis by DAVID were performed to identify the most relevant functional pathways that are enriched in the 500 bidirectionally miR-137 modulated genes. DAVID-based analysis revealed a significant enrichment for 'focal adhesion' and 'extracellular matrix (ECM)-receptor interaction' pathways, whereas IPA pointed towards enrichment for pathways in 'Human embryonic stem cell pluripotency', 'Integrin Linked Kinase (ILK) signalling' and 'Hepatic Fibrosis/Hepatic Stellate Cell Activation' (Suppl. Table 2A, B) . Although the pathways identified using these two softwares are clearly different, 50% of the genes within the top pathways by DAVID and IPA were identical (additional information can be found in the suppl. text 'detailed description of the molecular network'). Suppl. Fig. 2 shows that genes in the top processes mainly represent membrane bound proteins relative to the number of extracellular and intracellular proteins being affected by miR-137. Secondly, the investigation revealed that ECM-receptor interaction, focal adhesion, regulation of the actin cytoskeleton and subsequently MAPK pathways could be a major signalling pathways affected by miR-137.
To examine the cellular processes in which the miR-137 affected genes are involved, additional analyses were performed using the 'Function and Disease' analysis in IPA and the GO-term based clustering analysis in DAVID. This analysis aimed at identifying the biological processes (BP), cellular component (CC) and molecular function (MF). This approach resulted in three top processes in both IPA (cardiovascular system development and function; organismal development and cellular movement) and DAVID (response to wounding; extracellular region part; cytoskeletal protein binding) (Suppl. Table 2C ). The genes involved in these pathways are shown in Suppl. Table 2D . Genes associated with organismal development were completely overlapping with the genes involved in cardiovascular system development and function. Subsequent literature research was performed to identify the role of the 126 genes represented in the IPA top processes, thereby distinguishing between neuronal and glial cells (Suppl. Table 3A-D). In addition, the genes derived from the IPA and DAVID pathway analyses were included in this study (marked with an asterix). Four main cellular themes were found enriched, being (1) neurodevelopmental processes, including proliferation, migration and differentiation (Fig. 2) , (2) neuronal maturation processes, including neurite extension, axon outgrowth, dendritic tree morphology and spine and synapse functioning (Fig. 3) , (3) cellular maintenance, including survival, apoptosis and protection (Fig. 4) , and (4) intracellular signalling, including MAPK, ERK, RhoA, Pi3K and STAT pathways (Fig. 5) . Detailed genespecific information used to draw the functional theme figures is provided in Suppl. Table 3A-D. Previous studies have strongly suggested that aberrant miR-137 expression may result in changes in the expression of target genes associated with neurological disorders, such as in SZ (Kim et al., 2012; Kwon et al., 2013) . Hence, we compared the list of the 500 miR-137 bidirectionally modulated genes with a list of reference genes affected in SZ which was derived from SZGR database (bioinfo.mc.vanderbilt.edu/ Fig. 1 . RNA-sequencing analysis of miR-137-affected genes in primary rat hippocampal neurons. A) Volcano plot showing the distribution of gene expression in sponge-miR-137 infected hippocampal neurons. Green dots depict differentially expressed genes showing a fold change above 1.2 and a significant adjusted P-value (P ≤ 0.05) following Benjamini and Hochberg correction for multiple testing. B) Volcano plot showing the distribution of gene expression in neurons overexpressing miR-137. Green dots represent differentially expressed genes showing a fold change above 1.2 and a significant adjusted P-value (P ≤ 0.05). C) Venn diagrams presenting the number of transcripts significantly upregulated in sponge-miR-137 (green circles) and downregulated in oe-miR-137 (purple circles) infected neurons. 500 transcripts were bidirectionally regulated by sponge-miR-137 and oe-miR-137. The fraction of bidirectionally miR-137-regulated transcripts with miR-137 3'-UTR binding sites is shown in brackets. The Venn diagram displayed in the lower panel represents the subset of transcripts downregulated in sponge-miR-137 and upregulated in oe-miR-137 neurons, in which a total of 27 transcripts was bidirectionally regulated. D) A selection of genes with an RPKM above 1 and a fold change above 1.2 was validated by qPCR. The black line represents the relative expression value in the control condition, which was set to 1. Grey bars represent the sponge-miR-137 condition and black bars represent miR-137 overexpression. Gene expression was normalized to U6 and beta-actin. Bars represent mean ± SEM. # P b 0.1; *P b 0.05; **P b 0.01 by one-way ANOVA. SZGR), and consisted of a total of 694 genes (Suppl. Table 4A . We found that 31 genes identified are modulated by miR-137 as present in the SZ gene list (Suppl . Table 4B ), 12 of which (Add3, Cald1, Cdc42ep1, Ddr1, Ezr, Fermt2, Itga7, Myo1b, Pdlim5, S1pr1, Slc1a2 and Sspn) can participate in the ECM-receptor interaction pathway or act on the actin cytoskeleton.
Discussion
Since alteration in genes regulated by miR-137 coupled with dysregulation by this miR may synergistically contribute to SZ risk, we set out to examine whether miR-137 has the capacity to act as a regulatory gene network node in hippocampal neurons. This investigation revealed a large number of genes involved in neurodevelopmental pathways, including the regulation of actin cytoskeleton and ECM receptor signalling, and cellular processes including neuronal maturation and cell maintenance. These findings raise the possibility that these pathways and processes in concert contribute to impaired synaptic development and function.
In this study we verified the involvement of miR-137 affected genes in multiple neurodevelopmental processes, including cell migration, proliferation and differentiation. These processes are partially controlled by ERK and MAPK signalling pathways, which were also found enriched in our dataset of bidirectionally regulated genes. Lang et al. (2014) recently showed that SZ is associated with deletions of ULK4, leading to changes in intracellular signalling through ERK and MAPK pathways (Crisafulli et al., 2015) . They further provide evidence for disturbances in the regulation of cell migration, and neurite extension and branching due to ULK4-induced disturbances in ERK and MAPK signalling. In addition, a recent genetic-based study showed that 16 SNPs within 10 genes of the MAPK pathway (ATF1, DAXX, FOS, HRAS, JUN, MAP2K1, MAPK1, MAPK3, TRAF2 and YWHAB) were significantly associated with SZ (Funk et al., 2012) . Furthermore, studies assessing protein expression and mRNA expression on members of the MPAK pathway (Kyosseva, 2004; Kyosseva et al., 1999 Kyosseva et al., , 2000 Yuan et al., 2010; Todorova et al., 2003; Pietersen et al., 2014) , revealed associations between SZ and dysregulation of this pathway in several brain regions (Kyosseva et al., 1999; Pietersen et al., 2014) . These members include ERK1/2 (Kyosseva et al., 1999 (Kyosseva et al., , 2000 Yuan et al., 2010) , JNK1 and JNK2 (Kyosseva, 2004; Kyosseva et al., 1999) , ATF-2 (Todorova et al., 2003) , CREB (Kyosseva et al., 2000; Todorova et al., 2003) , c-Fos and c-Jun Fos B, Jun B and Jun D (Kyosseva et al., 1999; Pietersen et al., 2014) , MKP2 (Yuan et al., 2010) , B-raf, MEK1, MEK2, RSK1, and Rap1 (Kyosseva et al., 2000) . Altogether, our studies provide evidence for the association of disturbances in ERK and MAPK signalling pathways with SZ, and that dysregulation of these pathways could be related to miR-137 expression.
In addition, in our dataset of miR-137 affected genes the process of apoptosis was found enriched, which includes TGF-β, BMP6 and BAG3. Recently, in pyramidal neurons from the superior temporal gyrus of SZ patients, apoptosis-related genes were found dysregulated compared to healthy controls and these genes included BMPs, TGF-β and members Fig. 2 . miR-137 affected genes functioning in neurodevelopmental processes. Genes bidirectionally regulated by miR-137 in hippocampal neurons are involved in proliferation, migration and differentiation of neurons as well as glial cells. Genes expressed in both neurons and glial cells are depicted in red, neuron-specific genes in black, glial cell specific genes in green and genes of which no cell-specific information is available in blue. Additional detailed information on the genes is provided in Suppl. Table 3A. of the Bcl-2 pathway (Lamprecht, 2014) , thereby suggesting that miR-137 may be involved in the neuronal apoptosis-related aspect of this neurodevelopmental disease.
Previous research already suggested that defects in the ECM receptor interaction and actin cytoskeleton pathways may underlie disturbances in proper memory formation (Wu and Reddy, 2012) , and may be causative for ID and SZ (Dityatev et al., 2010; Evans et al., 2007) . In our study, the expression of multiple integrins was altered suggesting a role for miR-137 in the modulation of integrin signalling within the ECM pathway. In neurons, integrin signalling leads to cytoskeletal changes resulting in altered growth cone modulation, neurite outgrowth and axon migration (Gomez and Letourneau, 1994; McKerracher et al., 1996; Chan et al., 2001) , as well as regulation of calcium signalling (Gui et al., 2006; Wu et al., 2001; Chan et al., 2006) , activation of glutamate receptors (Fan et al., 2013) , gene transcription, and the release of neurotransmitters (Dityatev et al., 2010) . Indeed, neurite outgrowth and axon extension are GO terms being enriched in our dataset, whereas miR-137 was previously experimentally linked to proper AMPAr signalling and presynaptic vesicle release Olde Loohuis et al., 2012) . Differential expression of multiple integrins due to the modulation of a given miR may thus result in major effects on neuronal functioning culminating in neurological disorders. Indeed, olfactory neurosphere-derived cells from SZ patients exhibited increased integrin-dependent cell motility, while application of integrin antibodies against ITGA8 and ITGB1, which dimerize to interact with fibronectin (FN), reduced cell motility of the patient-derived cells to basal levels (Gardel et al., 2010) . In addition, disturbances in gene expression levels from the ECM signalling pathway were identified in post-mortem brain tissue of SZ patients, including expression changes in CSPGs, MMPs and integrins. Notably, the expression levels of several integrins, including Itgb1, CSPGs and FN, were bidirectionally regulated by miR-137 as revealed in our study. Other ECM-associated genes affected in SZ patient-derived cells and that we also identified as miR-137 targets are COL6A2 and PDGFRA.
Lastly, accumulating evidence suggests dysregulation of the actin cytoskeleton in SZ (Lamprecht, 2014; Gardel et al., 2010) , including altered expression levels of the actin-cytoskeleton associated genes PARVB and DOCK1, in agreement with our finding in the miR-137 manipulated neurons (Gardel et al., 2010) . Actin-binding proteins, including Parvb and Dock1, but also Filamins, Talin and Fermt2 regulate actin polymerization, stabilization, elongation and branching (Wu and Reddy, 2012; Spillane and Gallo, 2014; Collins et al., 2014) . Reorganizations of the actin cytoskeleton are essential for memory formation since they underlie the modulation of events such as presynaptic vesicle Fig. 3 . miR-137 affected genes functioning in neuronal maturation processes. Bidirectionally regulated genes are involved in neurite outgrowth, dendritic tree complexity, spine and synapse functionality and axonal outgrowth and guidance. Genes expressed in both neurons and glial cells are depicted in red, neuron-specific genes in black, glial cell specific genes in green and genes of which no cell-specific information is available in blue. Additional detailed information on the genes is provided in Suppl. Table 3B. movement, postsynaptic glutamate receptor trafficking and dendritic spine morphogenesis (Wu and Reddy, 2012) . Altered expression of miR-137 could as such impair neuronal and synaptic functioning, contributing to the cognitive deficits in associated integrity of neuronal networks in neuropathology.
In line with the study presented here, two recent studies have examined putative miR-137 target genes by overexpressing or inhibiting miR-137 in vitro and profiling the resulting mRNA expression pattern (Hill et al., 2014; Wang et al., 2010) . In comparison with the study of Hill et al. , we find a 4.4% (22 genes) overlap with our bidirectionally changed genes and their miR-137 loss-of-function condition, and a 5.2% (26 genes) overlap with their overexpression condition. For the study by Collins et al. (Hill et al., 2014) , in which the effects of overexpression of miR-137 were studied, we find a 7% overlap (35 genes) with our bidirectionally changed genes, of which only 2 genes (Notch3 and Plp1) were also identified in the overexpression condition as described by Hill et al. A possible explanation for the lack in common miR-137 target genes between our studies could lie within the cellular system used to study miR-137 effects. Whereas Collins et al. (Hill et al., 2014) and Hill et al. (Wang et al., 2010) used neuronal progenitor cells, we made use of mature primary hippocampal neurons, a decision based on the synaptic phenotype of miR-137 deregulation (Olde Loohuis et al., 2012) . Further reasons likely to cause the discrepancies in mRNA profiles could be the time intervals between induction of miR-137 gain-or loss-of function, and the time point of cell lysis for subsequent total RNA isolation and RNA profiling.
The high-throughput mapping of the gene network interacting with miR-137 identified 500 genes that were bidirectionally repressed or derepressed by modulation of miR-137 levels in hippocampal neurons. In our study, many of the high-confidence miR-137 sites previously identified could not be assigned in our whole-transcriptome analysis, while the non-seed-mediated interactions constituted the largest class in our data. This outcome seems surprising, since computational prediction of seed binding is commonly used to assign miR-mRNA interactions. The substantial class of miR-137 interactions that did not rely on miR-137 binding sites suggests that non-canonical miR-137 interactions have additional functions, possibly in attracting regulatory factors or switching effector pathways, as was recently suggested for other miRs (Lang et al., 2014) . Indeed, it was proposed that differences in patterns of miR-target RNA base pairing may induce allosteric changes in the RISC complex, potentially leading to different interaction classes and/or the specific motifs identified might have distinct functional roles (Schwab et al., 2005) . Moreover, effects of miRs on steady-state levels of target mRNAs can be complicated by feedback regulation, as previously shown for other miRs (Baulcombe, 2004) . Feedback regulation of miR targets may provide a sensitive mechanism for fine-tuning the expression of target genes and, coupled with translational repression, for modulating the expression of proteins encoded by target Fig. 4 . miR-137 affected genes functioning in cell maintenance. Bidirectionally regulated genes are involved apoptosis, cell survival and cell protection from physical damage. Genes expressed in both neurons and glial cells are depicted in red, neuron-specific genes in black, glial cell specific genes in green and genes of which no cell-specific information is available in blue. Additional detailed information on the genes is provided in Suppl. Table 3C. genes (Liang and Li, 2007) . Furthermore, miRs can have specific effects on the formation of protein complexes by selecting specific components of the complex. A positive correlation between protein connectivity and number of different targeting miRs was observed indicating that hub or functionally related proteins require more miR-mediated regulation (Fukao et al., 2014) . On the other hand, the relatively low number of mRNAs containing high-confidence miR-137 sites that was confirmed by our study is supported by the notion that miRs can inhibit protein translation of their target mRNAs through miRISC-dependent release of translation initiation factors, rather than degrading its target mRNAs (Wright et al., 2015) . For example, we previously demonstrated that miR-137 regulates GluA1 protein levels in primary hippocampal neurons thereby affecting synaptic maturation and plasticity while GluA1 mRNA levels were found unaffected by miR-137 (Olde Loohuis et al., 2012) . Accordingly, the RNA sequencing data showed no effect of miR-137 manipulation on GluA1 mRNA expression. These indirect effects of miRs may also contribute to an explanation for the discrepancies in miR-137 targets found between our study using primary hippocampal neurons in which miR-137 levels were manipulated as compared to Wright et al. (Shi et al., 2012) , where GWAS data from SZ patients was compared to potential miR-137 targets identified using merely prediction software.
Several studies have identified miRNAs as candidate biomarkers for diagnosis of SZ. Shi et al. (2012) suggested that miR-181b, miR-219-2-3p, miR-346, miR-195, miR-1308, miR-92a, miR-17, miR-103 and let7g are the key players to reflect the SZ illness status (Shi et al., 2012) , while increased expression levels of miR-132, miR-195, miR-30e and miR-7 in plasma, and miR-212, miR-34a and miR-30e in peripheral blood mononuclear cells (PBMCs) were recently reported, this study concluded that miR-30e in plasma is the best potential biomarker . Moreover, PBMCs of SZ patients showed increased expression of miR-1273d, miR-1303, miR-21, miR-3064-5p, miR-3131, miR-3687, miR-4428, miR-4725-3p and miR-5096, suggesting that a combination of these miRNAs could serve as potential biomarkers (Fan et al., 2015) . Up to date, no evidence has been obtained for miR-137 as a diagnostic marker . Interestingly, Yu et al. (2015) showed antipsychotic treatment effects on miRNA expression levels. Clearly, the number of studies investigating miRNAs as potential biomarkers in SZ is increasing; however they should be interpreted with great care, since different studies on the same disease show limited overlap, possibly due to discrepancies in methodologies (Witwer, 2015) .
Since miRNAs have multiple targets, rescuing the expression levels of a single dysregulated miRNA could restore the misexpression of all its targets, possibly reversing the disease phenotype (Magen and Hornstein, 2014) . While no miR therapies are yet available for SZ patients, for several disorders phase I and II clinical trials using oligonucleotide-based strategies are ongoing, including the use of miRNA-based treatments for heart failure (Duygu et al., 2015) , amyotrophic lateral sclerosis (ALS) (Miller et al., 2013) , and hepatitis C (Janssen et al., 2013) . Challenges to be overcome concerning oligonucleotide-based treatments for SZ include the brain-specific or systemic delivery of the miR-based drug (Magen and Hornstein, 2014) , the optimum working range of the miRs, and the turn-over of the miR or the miR inhibitor which will determine the lasting of the effect.
The major limitation of our investigation to delineate the targets of miR-137 in hippocampal neurons is shared with many other studies that employ differential gene expression to identify miRNA targets. Our approach identified changes in transcript abundance, information we employed to describe the predominate genes and pathways affected by miR-137, but did not distinguish between direct and indirect targets. Consequently, many previous direct miR-137 targets others and we have identified, and functionally characterized, are missing in the present study. To identify direct miR-137 targets, computationally seed matches were examined to enrich for direct miR-137 targets over Fig. 5 . miR-137 affected genes functioning in intracellular signalling. Genes involved in the major intracellular signalling pathways MAPK-ERK, JAK-STAT, RhoA and Pi3K signalling. Genes expressed in both neurons and glial cells are depicted in red, neuron-specific genes in black, glial cell specific genes in green and genes of which no cell-specific information is available in blue. Additional detailed information on the genes is provided in Suppl. Table 3D. secondary effects, however, the identification of direct targets remains challenging because of modest effects on levels of some target mRNAs, as well as and the fact that some target inhibition may occur at the level of translational repression.
Conclusion
This study provides insight into the functional gene networks related to changes in miR-137 levels. We show that miR-137 acts as a gene network hub coordinating the expression of several components of pathways relevant to synaptic development and physiology. Among the subset of targets involved in nervous system development and function, the top scoring pathways were ECM-receptor interaction and the regulation of the actin cytoskeleton processes that are critical for proper circuitry formation and disrupted in various neurodevelopmental disorders. Based on these findings we propose that miR-137 and its associated gene networks may constitute a gene-miR network to contribute to neuronal development and plasticity. Our results may provide clues for future research into drug targets related to miR-137 for cognitive dysfunction associated SZ.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.pnpbp.2016.02.009.
